Abstract: Deep brain stimulation (DBS), an e ective surgical treatment for Essential Tremor (ET), requires test stimulations in the thalamus to nd the optimum site for permanent electrode implantation. During these test stimulations, the changes in tremor are only visually evaluated. This, along with other parameters, increases the subjectivity when comparing the e cacy of di erent thalamic nuclei. We developed a method to quantitatively evaluate tremor during the test stimulations of DBS surgery and applied to 6 ET patients undergoing this treatment. From the quantitative data collected, we identi ed e ective stimulation amplitudes for every test stimulation position and compared it with the ones identi ed visually during the surgery. We also classi ed the data based on the thalamic nuclei in which the center of the stimulating contact was present during test stimulations. Results indicate that, to achieve the same reduction in tremor, on average, the stimulation amplitude identi ed by our method was 0.6 mA lower than those identi ed by visual evaluation. The comparison of the di erent thalamic nuclei showed that stimulations in the Ventro-oral and the Intermediolateral nuclei of the thalamus result in higher reduction in tremor for similar stimulation amplitudes as the frequently targeted Ventrointermediate nucleus. We conclude that our quantitative tremor evaluation method is more sensitive than the widely used visual evaluation. Using such quantitative methods will aid in identifying the optimum target structure for patients undergoing DBS.
Background
Deep Brain Stimulation (DBS) is now a routinely used surgical treatment for movement disorders like Essential Tremor (ET) [1] . Electrical stimulation of certain brain structures is performed by implanting electrodes and connecting them to a subcutaneously implanted neurostimulator. Although the use of DBS is increasing, the optimum target structure is still debated. The limited knowledge of the mechanisms of action of DBS being one of the reasons, we believe the under-utilization of intraoperatively obtained data is another.
A typical DBS surgery is preceded by a planning session during which a trajectory is planned from an entry point in the skull to the target structure on the patient's anatomical images using stereotactic planning software. With the aid of stereotactic equipment, this trajectory is then explored during the surgery. In most of the surgeries, neuronal activity is recorded and test stimulations are performed at pre-planned positions on this trajectory while the patient is awake. The nal implant position is decided after comparing the reduction in tremor, needed stimulation current for inducing those reductions and the side effects observed during the test stimulations.
In the routing clinical practice, the symptom evaluation methods are subjective [2] . Tremor is evaluated by a visual rating of the change compared to its level observed before stimulation. We have previously described the method of evaluating tremor during DBS quantitatively by using accelerometers [3] . We used this method to intraoperatively evaluate tremor from 6 ET patients who participated in a clinical study in the University Hospital in ClermontFerrand, France. In the current paper, we describe the result of the comparison between visual and quantitative evaluations. Further, we classi ed the results based on the anatomical location of the electrode and compared them to identify the target structure which is the most e ective in reducing tremor.
Method . Surgical protocol
The primary goal of the DBS surgery remains the same for all surgical centres: to determine the optimal implantation position. However, the actual procedure may differ signi cantly. Lemaire et al have described, in detail, the routine surgical procedure at the University Hospital in . For treating ET patients using DBS, the primary target structure is the Ventrointermedius nucleus (VIM) of the thalamus. At the University Hospital in Clermont-Ferrand, during the planning session on patient's images using a commercial stereotactic surgery planning software (iPlan Stereotaxy, Brainlab, Germany), the surgical team identi es and outlines di erent nuclei in the thalamus using MRI images of the patient [5] . After the de nition of target and entry point, test stimulation positions are planned on the resulting trajectory. After performing micro-electrode recording (MER) at these positions, test stimulations are performed. For each test stimulation, the stimulation current is varied from 0 to 3 mA in steps of 0.2 mA and the changes in tremor are observed visually. The highest reduction in tremor (Visually identi ed Change, VC) and the corresponding stimulation amplitude (Visually identi ed Amplitude, VA) at which it was observed are noted for every test stimulation location. Along with these, the occurrence of side-e ects, their type and their corresponding amplitudes are also noted. On completion of all test stimulations, these data are discussed upon by the surgical team and a position is determined as the " nal implant location" for the chronic DBS electrode.
. Acceleration data recording
Tremor was quanti ed during the surgery using a commercial acceleration sensor evaluation board (STEVAL-MKI022VI, ST Micro, Switzerland). Time-stamped acceleration values from 3 axes were obtained at a frequency of 400 Hz and a range of 8 g. The evaluation board was xed in an in-house developed non-conductive printed plastic case which was attached to the patient's wrist using a Velcro strap. The acceleration data were recorded by in-house developed software installed on a laptop that was interfaced with the sensor via an USB cable. Furthermore, the recording software was also interfaced with the electrophysiology system to synchronize the acceleration data recording with the test stimulation data.
For the simpli cation of acceleration data recording and analysis, a data recording protocol was de ned for all the surgeries. Acceleration data recording is started before the beginning of the test stimulation to record the data representing the baseline tremor for that test stimulation, and is continued till all the stimulation amplitudes are tested. The acceleration data and the related information about the test stimulation position and amplitude were saved in data les for o ine analysis [3] .
. Post-operative data analysis
Acceleration data were analysed post-operatively using Matlab (Mathwork, USA). In brief, the resultant acceleration was calculated from the three axes and ltered to remove low frequency (2 Hz) movements and high frequency noise (10 Hz). Statistical features were extracted from these ltered acceleration data and the features from di erent stimulation amplitudes were normalized (%) using the features from the baseline data. These normalized features were used to identify a dataset of 2 values for each test stimulation: 1.) The change in acceleration features (Quantitatively identi ed Change, QC) at the visually identi ed best stimulation amplitude VA and 2.) The stimulation amplitude (Quantitatively equivalent Amplitude, QA) at which the quantitative change QC was similar to VC. These data were then statistically compared to the corresponding values from the visual evaluation (VC vs QC and VA vs QA) using the Wilcoxon two-sided signed rank test.
In order to analyse the correlation with the anatomical position of the electrode, the anatomical structure present at the centre of the stimulating electrode was determined. Data were then grouped based on the thalamic nucleus attributed to the test stimulation position. Furthermore, from the acceleration data of every test stimulation, we also calculated the minimum stimulation amplitude required to obtain a 75% reduction in the statistical features compared to baseline (Amp75). These data along with the occurrence of side-e ects were used to compare the efciency of di erent structures in reducing the patient's tremor by a xed amount.
. Patients
The above method was applied to 6 ET patients under a clinical study at the University Hospital in Clermont-Ferrand (2011-A00774-37 / AU905). Out of the 167 test stimulations that were performed, 148 positions were found where both evaluation methods identi ed a reduction in tremor.
Results
The Wilcoxon signed rank test revealed a statistically signi cant di erence between VA and QA (W=4256, p< 0.001, alpha = 0.001) which can also be observed in the box plot of the two data sets (Figure 1 ). On the other hand, the di erence between VC and QC at the visually identi ed amplitude VA was not statistically signi cant (W = 3004, p=0.72, alpha = 0.001). From the analysis of the electrode position during test stimulation, it was found that the positions were distributed in 7 thalamic nuclei: Center Median (CM), Intermedio-Lateral (InL), Ventrointermediate (VIM), Ventrocaudal lateral (VCL), Ventrocaudal medial (VCM), Ventro-Oral (VO) and also in Preleminiscal Radiations (PreR). Table 1 shows the average values of the di erent parameters extracted from the visual and the quantitative evaluations. The number of evaluations in the CM region (3) of the thalamus is small compared to the others and thus the signi cance of the results is very low. The values of QA are lower than VA for all the structures, the di erence between them being the largest for InL, VO and the VIM. Figure 2A shows the average minimum stimulation amplitude required to see 75% reduction in tremor quantitatively while 2B shows the number of test stimulations with and without side-e ects (red and blue respectively). The VCL and the PreR achieve similar reductions in tremor at lower amplitudes. But these structures also have higher occurrence of side e ects. The VCM require higher stimulation amplitudes than VCL and PreR, but also has high occurrence of side-e ects. The InL and the VO require similar stimulation amplitudes as the VIM but have much lower occurrence of side e ects. The VIM requires the highest stimulation amplitude to achieve 75% reduction, but also has high occurrence of side-e ects.
Discussion
Various methods have been used previously to quantitatively evaluate tremor [6], but only a handful have been reported to be used during DBS surgery. Shamir et al. [7] used goniometers for Parkinson's patients undergoing DBS, but only during MER to identify borders of sub-thalamic nucleus and not to quantitatively evaluate tremor during test stimulations. Other quantitative evaluation techniques have been used to optimize the stimulation parameters of DBS but only after the implant position of the electrode was already decided [8, 9] . To the best of our knowledge, no other group has previously used quantitative tremor evaluation to compare the e cacy of di erent thalamic nuclei.
One of the observations of the application of our method to the current set of patients was that the use of quantitative evaluation during DBS surgery did not increase the duration of the surgery or cause any discomfort to the patient. Moreover, our results suggest that this quantitative method is more sensitive than the current visual evaluation methods used during the surgery. The signicant di erence (0.6 mA) between average values of VA and QA shows that stimulation parameters may be further optimized by using quantitative tremor evaluation.
The anatomical analysis of the data obtained using quantitative tremor evaluation suggests that the conventional target, VIM, may not be the most e cient target for ET patients undergoing DBS surgery. All other structures required stimulation amplitude equal to or lower than the VIM to reduce tremor by 75%. However, after looking at the number of positions with side e ects, the VO and InL 
Figure 2:
Comparison of e cacy of di erent thalamic nuclei. A) Average stimulation amplitude required to achieve 75% reduction in tremor. B) Stacked column plot of number of test stimulations with and without side-e ects.
seem to be more e cient in reducing tremor and limiting side-e ects of the therapy. This seems to con rm published data [5] suggesting that parts of the ventro-oral nucleus (VO) could be appropriate targets as well. The results have also indicated some limitations of the current method. One of the main factors that in uences the proper functioning of the method is the recording of baseline data. A minimum baseline recording of 5 seconds is necessary to extract proper statistical features. However, in case a baseline recording is not available for the current position, the baseline data of the previous recording can be used to perform the analysis. Furthermore, the current analysis method is post-operative. The next step for this method will to perform real-time data analysis so that the results are available to the surgical team when they identify the nal implant site.
Conclusion
The current paper presents the results of quantitative tremor evaluation during DBS surgery for ET patients. The results indicate that our method is more sensitive to changes in tremor than the current visual evaluation methods. Furthermore, the results of the anatomical analysis suggest that the thalamic sub-structures InL and VO are more e cient targets for DBS than the conventional and targeted VIM.
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